Synthesis, Property Study and Modification of II-VI Sulfide Semiconductor Nanoparticles by Ni, Tong
SYNTHESIS, PROPERTY STUDY AND













Submitted to the Faculty of the
Graduate College ofthe
Oklahoma State University
in partial fulfillment of
the requirement for
the Degree of MASTERS OF SCIENCE
May, 2000
SYNTHESIS, PROPERTY STUDY AND




Dean of the Graduate Collegr
11
PREFACE
Surface modification of semiconductor nanopartic1e material would not only improve the
stability but also its performance. This study is devoted to new synthetic methods for
preparation and modification of hydrophilic semiconductor CdS, CdSe nanoparticles
resulting in a novel type ofcompounds-supramolecules, resembles ofmetal complexes and
nanoparticles. A variety of spectroscopic methods were used to monitor the modification
process and to investigate the optical properties of the supramolecules.
Based on the consideration of the structure of nanopartic1es, a Lewis acid CuBM was
chosen for the modification of S sites on the particle surface. XRD, TEM, UV-Vis, XPS,
lH NMR, EPR, photoluminescence and time-resolved fluorescence were used to study the
modification, and a structure was proposed based on the spectroscopic results. The
modification was found to be light induced and reversible.
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A. NANOPARTICLES AND THEIR APPLICATIONS
.,
Nanoparticles are typically defined as inorganic or organic molecular structures with
diameters ranging from 1 nm to 100 nm. They have been the subject of intense scientific and
technological activity for over a decade. These species display properties intermediate
between single molecules and bulk materials, and can be made from a variety of materials
such as metals metal oxides, sulfides, selenides, ceramics, polymers, etc.. In the fundamental
research the greatest attention was paid to the so called ll-VI semiconductor nanoparticles,
i.e. sulfides-and selenides of two valence electron metals represented by CdS, CdSe. For
them, the range of nanoparticle diameters for which the size effect on properties is the most
pronounced, is set by the characteristic length of Wannier exciton-the distance of correlated
motion of electronfhole pair. Depending on a particular ll-VI semiconductor this size falls
between the range of 1 and 10 nm, correspondingly, most of the research is being done with
CdS and CdSe particles of that size.
I
Nanoparticles can be dispersed in water or organic solvents 'producing clear solution. Due
to their remarkable optical, magnetic and electrical properties, high surface areas, and
interface-dominate chemical properties, they are considered for a large variety of new
devices, coatings, and reagents with ultra-fine sizes. Taking into account a short history of
nanoparticle studies, they have been tested for wide variety of applications including
1
Nanoparticles can be used for targeted or controlled delivery of lipophilic or hydrophilic drug
substance. Their stability and bioactivity can. be increased through the urfac derivatization
or modification, which could also result in new therapeutic effects as well. Biodegradable
nanoparticles (poly-D,L-Iactic acid and poly-L-Iysine-graft-polysaccharide copolymers) and
other hydrophilic polymers l with a modified surface which could bind to tissues or cells of
living systems have enhanced sustained release properties as delivery vehicles2, protein-
sized semiconductor nanopartic1es such as CdS could be used as chemical sensors to bind
with DNA and hence influence DNA biological functions and gene expression3•i lt can also
be used as drug delivery system for intra-arterial localization of therapeutic agents for,
preventing restenosis due to its good suspensibility and easy penetration into an arterial wall
without causing trauma4• Nanoprobes (generally gold)5 are small enough to enter the cells
ofliving system yet electron dense enough to be detected once inside and they can form tight
complex with biomolecules in ways that preserve their biological functions. The ability of
gold to act as photon and electron antennae make it the most sensitive reagents for detecting
,
biological molecules for diagnostic purposes. Superparamagnetic dextran nanoparticles-
DMNp6 and y·Fe30/ surrounded by a primary coating of synthetic polymer and an outer
polymer coating for targeting the particles to specific tissues can be used as diagnostic
contrast agents and carriers for drugs, etc..
2) Chemical: Colloidal metal (embedded metals?, metal oxides and semiconductor solutions
such as Ti02, ZnO and ion oxides can be applied as catalysts
9
• 10 for free radical reactions
initiated by light or ionizing radiation; Pt, Pd, Ag and Au nanoparticles supported on a-
Al20 3
11 are observed to have enhanced catalytic properties under lower temperature in CO
oxidation and NO reduction; zinc doped Ag, Pd, Au nanoparticles are found to increase
2
reactivity toward CCl4 in water, which favors fully reduced product-methane'2. alkaline earth
oxide nanoparticles (srO, CaO)13 and some, organometallic compounds process extraordinary
catalytic and reactive properties and are suggested to be used to detoxifY hazardous
substances such as 802' chlorinated hydrocarbons, insecticides, organo-phosphorous
compounds or even military chemical agents.
3) Optical: Nanoparticles have vivid colors and resist deterioration better than organic
pigments. They can be used as transparent conductors, filters, pigments and functional
coatings and nonlinear optical switches. Light-emitting diodes represent a rapidly growing
field with a significant market potential.
4) Electrical: Nanocrystalline thin films, partic~lar hydrogenated Si films 14 are considered
to be suitable candidates for thin film solar cells electronic and nanoelectronics. Other
applications include capacitors, sensors, electrode materials, cosmetics for sun protection
with high SPF, tracer and labeling substances, devices as information storage material due
to the unique magnetic properties.
B. SYNTHESIS OF NANOPARTICLES
There have been a variety of methods to synthesize nanoparticles. The highest degree of
control was achieved for wet colloidal methods ofnanoparticle synthesis. Here the synthetic
methods for II-VI semiconductor nanoparticles, which are the focus of this study, are
surveyed. Nanoparticles can be obtained by arr~sted precipitation from solution before the
particles grow into the bulk precipitate. The methods based on this principle include the
following:
3
1. Reverse micelle preparationIS-20 : Surfactant such as AOT (sodium. bis(ethyl-2-bexyl)
sulfosuccinate), can dissolve in organic solvents and form spheroid~ aggregates called
reverse micelles. Water is readily solubilized in the polar core and form a water pool. The
radius is dependent on [H20]/[AOT] ratio. Sulfide nanoparticles (as well as other II-VI
nanoparticles) are formed by mixing a reverse micelle containing Cd2+ with th other
containing S2- (Scheme. 1).
East mjxjo,,>
Scheme. 1 Synthesis ofCdS nanoparticles in reverse micelle
The formation of nanoparticles in the water pool of reverse micelle favors the mono-
dispersed particles with the size dependent on the [H20]/[AOT] ratio. P-articles in the water
pool can be exchanged out of the reverse micelle by adding other hydrophobic organic
compounds which could cap the nanoparticle surface and pr~ipitate the particles out of the
water pool (RSeSiMe) in scheme 1).
2. Methods based on the use of capping agents21 • 22: Currently the most commonly used
recipes of synthesis utilize the ability of some organic molecules with Lewis base character
such as alcohols, glycerols, thiols, amines, phosphate, alkylphospbine oxide, citrate ion,
heterocyclic compounds etc. to covalently bond to the nanoparticle surface. Such capping
4
controls the growth rate of particles and prevents the fonnation of large agglomerates
(scheme 2). Despite the covalent binding, the capping agents on the nanoparticle surface can
be exchanged to a new one, provided that the latter are added in a substantial excess.
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Scheme 2. Synthesis of metal sulfide nanoparticles using stabilizer
3. Sol-gel methods: Pure as well as metal-jon-doped semicpnductor sulfide nanoparticles
have been reported to be obtained through sol-gel methods23,24,2S, in which very small and
monodispersed nanoparticles can be fonned.
4.Sonication26,27 ofpowdered semiconductor and magnetic materials in an organic or aqueous
solvent under the atmosphere of hydrogen could also provide nanoparticle dispersions.
Sulfide nanoparticles can also be prepared by sonicating metal nanoparticles with a sulfide
5
source in organic solvent28• The role of hydrogen is to prevent the formation of hydroxyl
radical or any other radicals originated from sonication which is believed to be able to
destroy nanoparticles through oxidation.
There are a number of "physical"methods of nanoparticle production such as gas phase
synthesis in which plasma and laser induced vaporization are used followed by controlled
condensation of the vapor phase. For example, the synthesis of nanoscale metal, metal
oxides, carbides, and higher fullerenes, nanotubes (MoTeJ and nanorods belong to this type.
The disadvantage of these methods lye in the difficulty of controlling the product size.
c. PARTICLE GROWTH AND SIZE DISTRIBUTION:
Given an opportunity, metastable nanoparticles can combine to become larger until they form
a bulk material and precipitate. Two mechanisms are proposed for the particle growth: the
particles grow discontinuously until they reach a certain size, then Ostwald ripening takes
place, i.e., larger particles grow on account of the dissolution of smaller ones. As the result,
the particle size increases continuously, which is recognized as a continuous shift of the
excitonic absorption band to longer wavelengths. This certain size is referred to as the
"magic" agglomeration number, which is confirmed by the UV absorption maxima appearing
I
reproducibly at the same wave length under the same synthetic conditions. Magic numbers
can be either controlled thermodynamically-if certain size has particular stability-or
kinetically, which is associated with the collection ofnanoparticles by fast precipitation and
preservation of the originally most abundant agglomeration number.
Though magic number exists, the size distribution is commonly quite wide in the colloidal
6
solution. As size changes, the electronic, optical, magnetic photocatalytic properties of
nanoparticles change drastically, and therefore it's important to narrow down the size
distribution.
Size control and separations:
I). Some methods ofsynthesis are proved to be able to obtain monodispersed nanoparticles.
The most widely used one is the so called TOprrOP029 method. CdM~ solution in TOP (tri-
n-octylphosphine) is mixed quickly with TOPSe solution in TOP at 300°C in liquid TOPO
(tri-n-octylphosphine oxide) under I atm of argon. After the sudden temperature drop due
to the introduction ofTOP solutions into TOPO, the temperature was gradually elevated to
230-260°C. Different sizes hydrophobic CdSe nanoparticles with a very narrow size
distribution could be obtained by changing the finial temperature.
2). Nanoparticles with wide size distribution can be redispersed in solution and separated as
different size range by size selective precipitation. A solution in which nanoparticles can not
be dispersed is added into the concentrated crude nanoparticles solution until the larger
particles start to precipitate. The procedure is repeated several times to separate the larger
particles from the smaller ones till the satisfactory mono distribution is reached. Certain
/
amount ofnanopartic1es could be lost during this procedure due to formation ofemulsion and
simultaneous agglomeration.
3). Size selective photocorrosion30: is one of the methods to narrow down the size
distribution. Irradiation of metal sulfide nanoparticle solution with monochromatic light at
sequentially decreasing wavelengths in the presence of an electron acceptor can successfully
7
narrow down the size distribution and obtain decreasingly small size nanoparticles. This can
be achieved only when all the photocolTosion products are soluble in aqueous solution in
which the sulfide nanoparticles are present.
4). Separation of nanoparticles by size exclusion chromatographf' (SEC) and gel
electrophoresis32• These methods are ideal tools to study the size distribution on
nanoparticles, especially SEC with a diameter ranging between 2 nm and 20 nrn, and it also
could be used as a potential tool for the separation of different shape (spherical and rode
shape) or size nanoparticles if several problems could be successfully solved. Solid
nanoparticles carrying surface charges might be considered as a special case of a
polyelectrolyte, and their SEC behavior resemble charged polymers such as proteins. Better
separation effects are obtained at low nanoparticle concentrations. However, a great extent
irreversible adsorption of the particles onto the surface of the stationary phase is generally
noticed, which is considered to result from the high surface area of stationary phase and high
surface activity of nanoparticles, confrrrned by the decrease in the peak area of the colloidal
chromatogram peak and increasing peak width at higher concentration together with memory
effect. Addition of surfactant at low concentration in the mobile phase seems to reduce this
problem, while addition of an electrolyte especially polyelectrolyte seems to worsen the
I
adsorption, well known as the depletion of the surface charges of nanoparticles and the
consequent coagulation and adsorption at lowered repelling force. All effects could be
explained in terms of the changing of the electrical double layer of the particles, which is
responsible for the stability of the latter. Colwnn saturated with nanoparticles (referred to as
conditioned colwnn) has been suggested for the separation study. The double layer is quite
rigid and can't easily be penetrated.. Therefore, thickness of the double layer which depends
8
on electrolyte concentration has to be taken into account when the effective diamet r of a
colloidal particle is consid,ered in SEC33•34•35 •
D. CHARACTERIZATIONS OF NANOPARTICLES
For chemical and physical properties of nanoparticles, the surface as well as their internal
electron structure play an important role. The surface properties can be determined by TEM
(transmission electron microscopy), small angle X-ray, diffraction, nuclear magnetic
resonance, atomic force microscopy, etc.. X-ray photoelectron spectroscopy (XPS), extended
X-ray absorption fine structure (EXAFS) could be used to distinguish the elements from
different coordination environment consisting the nanoparticles, while the optical and
electronic properties can be determined by Fourier transform IR, Raman scatterin~, optical
absorption (UV-vis), photo-luminescence, life-time emission measurements, etc ..
1. TEM. A critical point in the evaluation of size dependent structural changes of
nanoparticles is the determination of the particle's diameter. Several methods exist for this
purpose but are sensitive to different size dimensions and each has some limitations. The
most direct way to measure the size of nanopartides is TEM or HREM (high resolution
TEM). The size of particles can be the measured directly (from the picture (Fig. 1) or by
counting the lattice planes when some degree of aggregation occurs. Among the limitations
of TEM, one needs to mention that it is only sensitive to particles with the diameter larger
than 20 Awhich may lead to misinterpretations of particle size distribution.
For those extremely small clusters which are hard to be detected by TEM due to the
diminishing contrast, there exists an alternative advantageous measurement - small angle X-
9
ray diffraction on the powdered samples. As showed in the spectrum ofXRD for thioglycerol
stabilized CdS nanoparticles (Fig.2 ), the peak angle 29 maxima at low values (2 ~ 29 ~ 10)
can be converted to the nearest neighbor distances of the clusters in the powdered samples
by Bragg equation, which is considered as the diameter of the spherical particles. The
broadening ofpeaks is noticed due to the finite crystal size strain in small particles and will
affect the estimation of the particle size. The lattice pattern of nanoparticles could be
obtained from the wide angle XRD. There are other methods exist to determine the particle
size, with each sensitive to different size range.
Fig.I. HREM image of ethex/DMSO stabilized CdS nanocrystal. One nearly spherical
particle with a well-defined edge in the matrix with an approximate diameter of2 run. Black
dots represent CdS atoms in the lattice
2. Quantum size effect. The key feature of II-VI semiconductor nanoparticle is the
appearance of the so called quantwn size effect. It's known that the band structure in metals
and as well as in semiconductors is not an atomic or molecular property, but is brought about
10
through the periodic arrangement of a large number of atoms in a crystal lattice37• There
exists a gradual ~ition from semiconductor or metal properties as the size ofa crystal is



















Fig. 2 Small-angle XRD (a) and wide-angle XRD (b) of powdered thioglycerol stabilized
CdS nanoparticles, particle diameter increase from 1.5 nm to 10 nm through samples a to h
As sho\W in FigJ, the energy spacing between the valence band and conduction band is
II
enlarged as the particle size decreases from bulk material to nanoparticles. This gap is
inversely proportional to the square of the particle diameter.
The molecules at the surface edge cause surface imperfections, which are understood as traps
for electrons and holes. As the size decreases, the transition energy shifts to higher value
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Fig.3 Electronic state diagram of bulk material, nanoparticles and single molecule
3. Optical Absorption (UV-vis). The quantum size effect has numerous consequences for
the optical and catalytic properties ofnanoparticles. Take the optical absorption ofCdSe and
CdTe nanoparticle stabilized by TOPO as an example (Fig. 4)38.
The spectrum is f~tured by: 1) The absorption threshold, corresponds to the band gap energy
of semiconductor nanoparticles ascribed to the fIrst excitonic (1 s-I s) transition. 2). Optical
absorption reflects the quantum size effect by a blue shift ~ the particle size decreases. In
some cases several shoulders right below the onset of the absorption can be observed and are
recognized as 2nd or even higher excitonic transition. 3). Extinction coefficient. As the
particles size decreases, the extinction coefficient increases. 4). Temperature dependence.
With decreasing temperature, the Is-Is transition energy shifts slightly toward higher
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Fig. 4 UV-vis absorption ofthioglycerol stabilized CdSe and CdTe nanoparticles
CdSe particle diameter: 1.4 nm - 3.5 nm; CdTe particle diameter: 2.5 nm - 4 run
4. Photoluminescence (Fluorescence Emission). Most nanoparticle solutions, especially
semiconductor nanoparticles are photoluminescent in red, yellow or green, depending on the
size and electronic structure. The electronic structure of semi'Conductor nanoparticles differs,
from that of the bulk39• Most often, two kinds of excited states above the valence band of
semiconductor clusters are considered: excitonic states (the energy levels associated with the
core and positioned right below the valance band) and surface traps (surface state energy
levels come from the surface defects). In Fig.S, the sharp band near the peak maxima of UV
absorption at higher energy (referred to as excitonic emission band) corresponds to the
13
radiation from the core energy level to the valence band ofthe nanoparticles. The broad band
covering almost two hundred nanometers (referred to as the trapped emission band) origins
from the recombination of charge carriers (i.e.. electrons and holes) deeply trapped in the
imperfect surface, fonned by the edge atoms and believed to shift closer to the conduction
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Fig.5. Fluorescence emission and UV adsorption of CdS nanoparticles stabilized by ethyl-
hexanoate and DMSO
The existence of the trapped emission band decreases the quantum yield of the excitonic
luminescence. Which of the two bands dominates in emission is a case by case issue. The
14
emission band often becomes weaker with time or increasing temperature. Typically, in the
trapped band, the low energy side decays slower than the peak and the high energy side, in
other words, shorter lived states tend to emit at higher energy. The quantum size effect
appears to be less obvious in the trapped emission band than in the excitonic band40• Another
useful technique in photoluminescence is the acquisition of the excitation spectra. When
obtained at various emission wavelengths, such spectra reveal the number of emissive
species '6• The profile of the excitation spectra should resemble that of the UV absorption.
5. NMR. lH, 13C, 31p NMR and solid state41 IH, l3C NMR oforganic capping agents have
been successfully used to investigate the surface ..tructure ofsemiconductor nanoparticles42,43.
In general, homogeneous broadening44 of the lines can be observed in NMR spectra of the
molecules bonded to or absorbed on the surface of nanoparticles. The broadening is
rationalized as slowing down of the molecule tumbling motion at surface, low motional
average and fast T2 relaxation
45
, 46 which approach the T2 times in solid state NMR. Thus,
NMR can distinguish the surface-attached molecules from the free solution molecules unless
the surface attached-molecular become NMR silent.
Surface coverage of the organic molecules then could be quantified by comparing the
integrated signal ofthe stabilizers with that of an internal standard at known concentration,
assuming the particle surface as a completed shell. The broadening effect and chemical shift
mayor may not be dependent upon the particle size, which is determined by the nature of the
capping agent. In case ofan aromatic stabilizer such as thiophenol, the C6 ring can only be
oriented perpendicular to the surface. As the size decreases, the surface area and surface
coverage increases. The ring molecules experience more stereo hindrance and faster T2
15
relaxation. As a result, the broadening effect is more obvious as the size decreases (Fig.6).
While in the case of a chain stabilizer such as thioglycerol, the molecule has two more
functional groups other than the thio which could be also bound to the surface. The molecule
is believed to wrap around the surface of the particle and has very little mobility and little
motional average (Fig.7). The dependence of broadening on the size seems less significant.
"3Cd resonance could be very weak in intensity but is more straightforward. The capped
surface Cd could be clearly distinguished from the uncapped surface and the core Cadmium
atoms47, from which the number of surface atoms and organic molecule coverage could be
easily obtained through integration.
Fig. 6 lH NMR ofthiophenoI adsorbed at CdS nanoparticle surface with different particle
radius ranging from 11.8 Ato 19.2 A
16
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Fig. 7 IH NMR of free and adsorbed thioglycerol on CdS nanoparticle surface. 1). Free
thioglycerol in the solution; 2). Adsorbed thioglycerol on CdS nanoparticle surface
E. SURFACE MODIFICATION OF SEMICONDUCTOR NANOPARTICLES
Semiconductor nanoparticles have many possible applications. But most ofthem are not very
stable, especially as the particle size decreases. Surface modification could not only improve
the material stability but also the perfonnance in many applications. Moreover, the
modification could provide a pathway to biologically, catalytically, electronically and
'I
optically tunable nanoparticles.
Most generally, the surface modification is accomplished by coating the semiconductor
nanoparticles with a monolayer of organic or inorganic material: 1). Inorganic compounds.
A different layer of semiconductor material can be deposited on nanoparticles: CdSlHgS,
HgS/CdS, CdS/ZnS, ZnSe/CdSe, TiOiSn02' F~~/CaO,etc.. Coating has been investigated
17
m which core-shell structure-and In some case even th.fee layer d structure like
CdSlHgS/CdS -could be fonn.ed.
fluor~s(ence f1uoreHence
CdS CdS l,uge HgS
Fig.8 Energy scheme of CdS/HgS .core shell nanocrystalline
core-CdS, shell-HgS
The growth of one semiconductor material on the other one is detennined by matching the
crystal lattice constants of the core and the shell. Inorganic coating has a strong impact on
the optical properties ofthe nanoparticles. It was noticed that the character ofemission of the
'I
core-shell structure varies with the band gap energy (Eg) of the overlayer48-S7. Coating a
semiconductor nanoparticles with one which has a larger Eg relative to the core typically
results in the enhancement of nanoparticles emission due to the retardation of non radiation
recombination mediated by surface states, while a layer of a smaller Eg semiconductor
provides additional area ofdelocalization for electrons and holes accompanied by a red shift
of emission (Fig.8). Core-shell structure may enhance the solubility, photostability of
18
nanoparticles, induce new emitting bands, and may also enhance the quantum yield of the
excitonic emission by blocking the surface traps, and increase the selectivity, efficiency of
light-induced reactions occurring on the surfaceS8. 59. The shift in optical absorption
spectrums however is very small.
2). Organic compounds: glycerols, thiols, polyphosphate, a1kylphosphine oxide and other
stabilizers or competitive exchanges of the primary stabilizing molecules 60, 61 with Lewis
base character can be used to covalently bond to the metal site (Lewis acid sites) on the
semiconductor nanoparticle surface.
The extent of interaction between HOMO and LUMO of these modifiers with VB (valence
band) and CB (conduction band) is negligible. This type of modification does not
demonstrate luminescence effects other than an alteration of the rate of the surface non
radiative recombination and/or luminescence quenching. The stability of particles could be
increased and the fonnation of larger agglomeration could be effectively eliminated. By
exchanging the surface organic molecules, surface charge, surface polarity, solubility,
quantum yields of the emission peaks could also be changed.
3). Metal ions. Ions can be doped into the crystal lattice of the metal sulfide nanoparticles or
I
attached to the surface and form a discreet M-S shell. In Cu+ doped Zns system, Cu+ replaces
the Zn2+ ion in the crystal lattice. New emission bands are observed at different dopant
concentrations62,63 which are attributed to the dopant center.
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CHAPTER II
SYNTHESIS OF CdS, CdSe NANOPARTICLES, CuBM COMPLEX AND THEIR
SPECTROSCOPIC CHARACTERIZATION
A. MATERIALS
Cd(AC)2'2H20(Aldrich), Cd(Cl04h·4H20 (Aldrich), sodiumcitrate(N~Gi~o,'2&0) (EM
Science), bipyridine-dichloroplatimun (Aldrich), thioglycerol (Aldrich), bipyridine-
dichloropalladium (Aldrich), thiourea (Aldrich), thioacetamide (Aldrich), N,N-dimethyl
selenourea (Strem), mercurochrome (Aldrich), CuC12'2H20 (Aldrich), N8.:2S (Fluka), NaOH
(EM Science), malonic acid CH2(C02H)2 (Aldrich), 2,2'-bipyridine (Sigma), rhodamine B
(Fluka), basic copper carbonate [CuCO).Cu(0H.hJ (Aldrich), ~O (99.9 atom % D. Aldrich),
DMF (EM), acetone ( Aldrich), dialysis membrane with MWCO of 15,000 (Spectra). All the
chemicals are ofA.C.S. reagent grade and were used as received without further purification.
18 Mn water were used in all preparations.
B. PREPARATION· OF CdS NANOPARTICLE STA~ILIZED BY
THIOGLYCEROL; CdS, CdSe NANOPARTICLES STABILIZED BY SODIUM
CITRATE AND METAL COMPLEXES
1. Synthesis of CdS nanoparticles stabilized by thioglycerol68
0.989 g Cd(CH3COO)f2H20 and 0.4 mll-thioglycerol were dissolved in 80 ml DMF and
heated to 70°C under argon. 5 ml 0.4 g thiourea DMF solution was added to the mixture and
the temperature was raised to lOO°e. The mixture was then reflexed at 100 °C-105°C under
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argon for 1~2 hours until the color changed to light yellow, cooled to roOID temperature,
concentrated to 20 ml using rota-vapor. Acetone was added dropwise undo r vigorous stirring
to the concentrated nanoparticle solution till it became cloudy. The precipitated large size
nanoparticles were centrifuged out and washed with acetone. This procedure was repeated
until the appropriate size distribution was reached.
CdS nanoparticles stabilized by sodium citrate can be synthesized by using N~S as the
sulfide source64 which is rapidly mixed with Cd(CI04)2 at room temperature. The UV
absorption of the CdS particles obtained from this method has no distinguishable absorption
peak or shoulder due to very wide size distribution which is not suitable for our study.
Generally speaking, if no size control procedure is used, the size distribution will depend on
the concentration of the two ions and most importantly, on the rate of mixing of these two
ions. Basically, the lower the concentration and the faster the mixing rate, the narrower the
size distribution will be.
In our study, a new method using base-catalyzed hydrolysis ofthioacetamide aided with the
energy provided by microwave in the presence of Cd(CI04)2 and stabilizer-sodium citrate
was applied to obtain rapid and unifonn fonnation of CdS nanoparticles with high stability.
j
2. Synthesis of CdS nanoparticles stabilized by sodium citrate (Abr. as CdS-citrate)
In 45 ml 18 Mn water, 2.5 ml of 8 mM aqueous solution of thioacetamide and 0.025 g
sodium citrate were mixed. To this, 2 ml of 1*10-2 M aqueous solution of Cd(CIO.)2 was
added and the pH was adjusted to 9.2 by addition of 0.1 M NaOH. The solution was heated
in a 1000 W microwave (Sharp) for 55 seconds. A yellow color solution was obtained and
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dialyzed against sodiwn citrate solution and stored in dark. Different sizes of CdS
nanoparticles were obtained by increasing the concentration ofCd2+ to 2*10.2 M, 4*10.2 M
and 6* 10.2 M with the particle diameter increased from 26 t030, 35 and 44 A(Fig. 9). Higher
pH tends to give smaller nanoparticles but are featured by longer tails in UV-vis spectrum.
No significant change in size was observed at even higher Cd2+ concentration.
3. Syntbesis of edSe nanoparticles stabilized by sodium citrate (Abr. as edSe-citrate)
In 45 ml Dr water, 2 ml of 1*10.2 M aqueous solution of Cd(CI04h and 0.05 g sodium citrate
were mixed. To this, 2 ml of 0.01 M freshly made aqueous solution of N,N-
dimethylselenourea was added under degassing and then the pH was adjusted to 9.2 by
addition of 0.1 M NaOH. The solution was heated in a 1000 W (Sharp) microwave for 50
seconds. A light red solution was obtained and dialyzed against sodium citrate and Cd(CI04h
solution. Different sizes ofCdSe nanoparticles were obtained by increasing the concentration
with the particle diameter increased from 22 Ato 24, 26, 28, 30, 34, 40 and 46 A(Fig. 9),
while the concentration of selenourea and pH remained the same and sodium citrate was
increased from 0.05 g to 0.075 g for Cd2+ at 8* 10.2 M, 10*10.2 M and to 1.00 g for Cd2+ at
20· 10.2 M, 30* 10-2 M. No significant change in size was/observed at even higher Cd2+
concentration. Thus prepared CdSe nanoparticle aqueous solutions did not precipitate for at
least two weeks in the refrigerator. Additional increase of pH resulted in even smaller size
of CdSe nanoparticles (10 om decrease in UV-vis absorption could be observed at pH 9.5
with same Cd/S ratio) with lower stability.
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4. Synthesis of (2,2'-bipyridyl-N,N')(malonato-O,O')-copper(Il) Monohydrate (Abr. as
CuBM)65
177 mg [CuC03.Cu(OH)2] (0.79 mmol.), 43 mg Na(OH) (0.9 mmol.), 83 mg malonic acid
(0.79 mmol.) and 124 mg 2,2'-bipyridine (0.79 mmol.) were mixed in 40 ml distilled water
and reflexed for 3 hours. The solution was concentrated in a rotatory evaporator until small
crystals appeared. Then, the reaction vessel was cooled and the solid was allowed to
precipitate. The blue crystalline product was washed 3 times in acetone followed by drying
in vacuum. Yield 48.3%.
5. Synthesis of Ru(2,2'-bipyridyl-N,N')2CI266, Fe(2,2'-bipyridyl-N,N')CI2 aDd Fe(2,2'-
bipyridyl-N,N')3CI267
Ru(2,2'-bipyridyl-N,N'):zCI2: 1.37 g RuCI3'7~O, 1.56 g 2,2'-bipyridine and 1.4 g LiCI was
mixed together in 8.5 ml DMF in a 3-neck flask. The reaction mixture was then reflexed for
8 hours before 50 ml acetone was added and cooled to room temperature. The solution was
stored at oec overnight and the black tinny crystal was filtered out by a crucible, washed
with 5 ml 18 MO water 3 times followed by ethyl ether.
Fe(2,2'-bipyridyl-N,N')C1:z aDd Fe(2,2'-bipyridyl-N,N')i~12: 0.905 g Fe powders were
added to 30 ml oxygen free HCI at 80eC under stirring in N 2 in a 3-neck flask. After all the
Fe powder was dissolved, the temperature was raised to 100ee for HCI to evaporate under
vigorous stirring in N2. The temperature was allowed to drop to 60°C and 30 ml oxygen free
absolute ethanol was added under stirring till all green color FeCI2 was dissolved. The
solution then was then divided into 25 ml solution (a) and 5 ml solution (b).
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1. 30 ml 0.2 g 2,2'-bipyridine ethanol solution was added to solution (a) at 60°C under N2
atmosphere drop by drop for about 10 minutes through a pressure balancing funnel.
Maintaining N2 atmosphere, the solution was stirred at 60°C for additional 5 minutes and
stored at O°C for overnight before yellow crystals were filtered out and washed with ethanol.
2. Solution (b) was added dropwise through a pressure balancing funnel to a 30 ml1.54 g
2,2'-bipyridine ethanol solution under stirring in N2 at room temperature. The solution was
then stirred for additional 30 minutes before 120 ml ethyl ether was added. Stored the
solution at DoC for overnight and the orange color crystal was filtered out and washed with
ethanol.
C. INSTRUMENTATION
1. NMR. 'H NMR spectra were recorded on Inova 400 spectrometer using ID5 probe at room
temperature. CdS stabilized by sodium citrate was synthesized in D20. Water suppres.sion
with zero spinning was used in all measurements. The spectrums were averaged over from
256 up to 2048 scans depending on signal intensity and SIN ratio. Water resonance peak in
D20 at 4.80 ppm was used as reference for all spectrums, no internal standard was added.
2. Fluorescence. All fluorescence spectra were recorded on Fluorolog-3, [SA.
spectrophotofluorimeter, operating with a 450 W xenon arc lamp as a light source. The
increment was set at 1 nm, integration time 0.4 s, signal S for emission measurements and
SIR for excitation measurements. Slit width (expressed as band pass) varied from 2 to 10 DID
according to the signal intensity and SIN ratio but remained the same for a batch of analysis.
Optical filters were used to cut offRaman scattering light ofwater molecules. Excitation and
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emission monochromators were calibrated before each series of measurements.
3. UV-vis. Optical absorption measurements were performed in water in 1~. 1 cm quartz
cuvettes using a Hewlett-Packard 8453 diode array spectrophotometer in air under room
temperature. Air was used as blank. for compensation for all spectra while for rhodamine B
absolute ethanol was used. Concentrations of CdS nanoparticles remained the same with
those for fluorescence experiments.
4. Powdered X-Ray Diffraction. The XRD patterns were obtained with a Philips Analytical
Diffractometer PW3 710 , Cu Ka radiation operating at 40 kV tension and 45 rnA current.
The patterns were recorded over the 2e range from 2.0 to 60 with a 20 step of size of 0.02 0
and a scanning rate of4 s per step. CdS nanopalticle powder was obtained by adjusting the
pH of CdS nanoparticle aqueous solution to 4.6 after dialyzing exclusively against water for
12 hours. The precipitated CdS-citrate was centrifuged out, washed with water and dried in
vacuum.
5. HREM: HREM samples were prepared on copper grids by floating the grid on the surface
of aqueous nanoparticle solutions to assemble a thin discrete layer on the surface. Extra
particles were washed off by floating the grid on the surface of water. All the pictures were
/
taken on Phillips CM 300 instrument operating at 200 kV.
6. EPR. Electron paramagnetic resonance (EPR) measurements were performed on Broker
ER 200D SRC with the center of field set at 3280 G, sweep width 800 G, gain 8.104,
microwave frequency 9.78 GHz, microwave attenuation 22. Data ofCuBM before· and after
modification to CdS particle surface was collected in a thin quartz cell.
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7. XPS. AU the measurements were taken on ESCALAB 250, VG Scientific instrument.
8. Time-resolved photoluminescence. Time-resolved photoluminescence (TRPL)
measurements were carried out using a tunable picosecond pulsed laser system consisting of
a cavity-dumped dye laser synchronously pwnped by a frequency-doubled mode-locked
Nd:YAG laser as an excitation source and a streak camera for detection. The output laser
pulses from the dye laser had a duration of less than 5 ps and were frequency doubled into
the ultraviolet spectral region by a'nonlinear crystal. Samples for TRPL measurements were
prepared the same as for light induced modification studies.
D. CHARACTERIZATION OF CDS, CDSE NANOPARTICLES
1. UV-vis absorption. The UV absorption spectrum CdSe, CdS semiconductor nanoparticles
of different size obtained through synthesis methods 1) and 2) are presented in Fig.9 and
Fig.IO. The UV absorption maxima can be converted. to the size ofparticles regardless of the
type of the stabilizers unless the lattice patterns for the particles made following different
procedures are different.
The XRD spectrum (Fig. 13) of CdS-citrate indicates that CdS-citrate is crystalized in the
cubic zinc blende structure, the size ofCdS-citrate particles dn be obtained empirically from
the band gap energy/radius diagram (Fig. I 1) of CdS nanoparticles stabilized by
thioglycerol68, which are also in the cubic structure. CdSe particles are always found to be
in the hexagonal wurtzite lattice. The radius ofedSe-citrate particles could be obtained from
the similar diagram of CdSe stabilized by TOP069 (Fig. 12). As the size decreases, the
absorption maxima blue shifts to higher energy for both CdS and CdSe particles, while the
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extinction coefficient increases (known as the quantum size effect). The diameter of CdSe
nanoparticles in the citrate synthesis can be varied from 2.2 to 4.6 nm corresponding to the
absorption maxima from 498 nm to 600 nm, while the diameter for CdS-citrate can be varied
from 2.6 to 4.4 run corresponding to the absorption maxima from 395 nm to 445 nm, with
an error of +loA. TEM images confirm the assessment yielding the range ofdiameters from
2 nm to 4 nm and the distribution of 15%.
2. Photoluminescence. The emission spectrum of CdSe-citrate and CdS-citrate are shown
in Fig.14 and Fig.IS. Concentration of CdS-citrate and CdSe-citrate nanoparticles was
estimated to be 0.2 mM in the terms of Cd2-t.
Calculation from Table 1) and 2) shows that band gap ofCdS (2.8 ev - 3.1 ev) is larger than
that of CdSe (2.1 ev ~ 2.5 ev). Comparing the emission spectra of these two kinds of
quantum dots, it can be noticed that the quantwn yield of trapped emission bands of CdSe
is much lower than that of the excitonic band while in CdS case, the excitonic band is much
lower than the trapped band. This indicates that the energy level distribution differs between
the two particles. In particularly, CdS nanoparticles should have greater density of intra band
gap states, which facilitates nonradiation recombination of electrons and holes leading to
weaker emission intensity.
The quantum size effect is obvious in the excitonic bands for both CdS and CdSe, while the
trapped emission bands are not so sensitive toward size changes, being located in 600 nm
region for both CdS and CdSe nanoparticles. The quantum yields for both excitonic and
trapped emission increases as the particle size decreases. Calculations for CdS particles
compared with the integrated emission of rhodamine B show that the quantum yield for
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excitonic bands is around 0.2% while the trapped emission band is around 7%.
The quantum yield for trapped emission decreases faster over time than excitonic bands.
Emission ofCdS-citrate after dialysis against citrate solution is shown in Fig.16. Compared
with that before dialysis, the trapped emission bands show a red shift due to the change in
the adsorption layer on the nanoparticle surface.
Emission at low temperature (77K) is shown in Fig.17. Note at low temperature, the trapped
emission band shows a blue shift while the excitation band becomes hardly noticeable. The
origin of these effect of low temperature is not c.:>mpletely understood. It may be speculated
that fonnation ofa solid state at 77 K stimulates self-quenching of the excitonic emission due
to the proximity of the nanoparticles to each other. Dipole-dipole interactions of the excited
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Fig.9. Optical absorption of different size CdS~ nanoparticles stabilized by sodium citrate
obtained through synthetic method 3. Concentration of CdSe-citrate nanoparticles was
estimated to be 0.2 roM in the tenus of Cd2+. 1). Cd2+/Se2. = 1:1; 2).Cd2+/Se2• = 2:1; 3).
Cd2+/Se2• = 4: 1; 4). Cd2+/Se2• = 6:1; 5). Cd2+/Se2- = 8:1; 6). Cd2+/Se2- = 10:1; 7). Cd2+/Se2• =
























Fig. 10. Optical absorption of different size CdS nanoparticles stabilized by sodium citrate
obtained through synthetic method 2. Concentration of CdS-citrate nanoparticles was
estimated to be 0.2 mM in the terms of Cd2+. 1). Cd2+/S2. = 1:1; 2). Ccf!+/~. =2:1; 3). ccf!+/~.














Fig. 11 Band gap energy/size diagram of CdS nanoparticles stabilized by thioglycerol
Table 1. Particle radiuses of CdS-citrate measured empirically through Fig.Il
Abp. ofCdS (run) 395 410 425 445




Agglomeration No.*. 180 260 400 840
*Energy (ev) = 1241.4IA (run)
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Fig.12 Band gap energy/size diagram of CdSe nanoparticles stabilized by TOPO
Table 2. Particle radiuses of CdSe-citrate measured empirically through Fig. 12
Abp. of CdS (nm) 600 580 560 545 535 524 512 498
Energy (ev)* 2.07 2.14 2.22 2.28 2.32 2.37 2.42 2.49
Radius (A) 23.0 19.75 16.91 15.22 14.25 13.19 12.25 11.12
Agglomeration No.·· 900 600 380 270 220 170 140 100
*Energy (ev) = 1241.4IA. (nm)
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Fig. 14. Emission of CdS-Citrate nanoparticles ofvarious diameters
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Fig. 15. Emission of various size CdS&-citrate nanopartides
Diameter ofsample A: 2.2 nm; sample B: 2.4 nm; sample C: 2.6 nm; sample D: 2.8 nm; sample E: 3.1 nm;












Emission after dialysis against
sodium citrate aqueous solution
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Fig. 16. Emission ofCd~.itrate nanoparticles of various diameters before and after dialysis against
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CHALCOGEN SITE MODIFICATION OF CdS NANOPARTICLES WITH
CuRM
A. INTRODUCTION
Surface modification of nanoparticles can also be utilized to control the optical and
electronic properties. Traditionally, the surface structure of semiconductor chalcogenide
nanoparticles is chemically modified by binding organic groups to the metal sites. The
method is quite straightforward due to the easy accessibility of the metal sites and the
abundance of the electron rich organic modifiers such as amines, heterocyclic compounds
and thiols acting as Lewis base. However, multiple studies showed that the core energy levels
ofthe nanoparticles remain unaffected in the result of this derivation. The effect of surface
modification to metal sites is limited to the alteration of the surface emission states which
are poorly defmed. Their optical properties are rarely considered for any applications because
of the breadth of the emission band and high rate of thermal deexcitation. Surface
modification that would affect the energy of the core states, will be of significant
fundamental and practical importance.
As an alternative, to derivation of nanoparticle at metal sites the surface properties can be
controlled by modification with Lewis acids by binding to the electron rich chalcogenide
sites. Nanoparticles such as CdS, CdSe, PbS, ZnS, ZnSe may carry negative charges at the
surface owing to the difference in the natural packing of crystal faces and various surface
defects, which makes the chalcogen atoms located on the surface reactive with Lewis acids.
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The choice of modification ofnanoparticle to chalcogenide sites is based on the following
considerations:
1). Surface chalcogen atoms are involved into both radiative and nonradiative processes in
nanoparticles.
2). Lone pairs of surface chalcogen atoms are coupled to the internal energy states of
nanoparticles.
3). Chalcogenide sites are known to be responsible for the oxidation of nanoparticles.
Therefore, their modification can significantly reduce their deterioration.
Such modification involving organic groups is experimentally more challenging because
organic Lewis acids are far less common. To choose the suitable modifier (metal complex)
to couple with metal sulfide nanoparticles two major factors need to be taken into account:
1). The modifier should be a mild Lewis acid capable of binding to the surface sulfide ions
yet does not react with stabilizers.
2). Aromatic groups should be present in the modifier in order to facilitate the interaction
between the surface and core states ofnanopartic1e and eledtronic levels of the modifier.
Here we propose using mixed ligand metal complexes, with at least one labile inorganic
ligand that can be easily replaced by S2- groups on the surface of nanoparticles. The other
ligands (strong bidentate agents such as bipyridine) will remain bound to the metal ion and
will become a part of nanoparticle/metal complex supennolecule.
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In this work, the modification of CdS
semiconductor nanoparticle stabilized by
sodium citrate through S sites was studied with
a copper complex aqua(2',2'-bipyridyl-
N,N')(malonato-O,O')-copper(ll)monohydrate
(CuBM) with the structure given at below.
CuBM satisfies tbe criteria outlined above.
Modification process is shown as scheme 3.
.•••+ H20.~ -=>'.-!" ~......-..... "'
CuBM
411'9- +~o,
Scheme 3. Modification of CdS nanoparticles with metal complex
It is necessary to note that the complex and the type of nanoparticles were judiciously
selected among many other possible candidates. As a part of this study, a new method of
synthesis for nanoparticles utilizing citrate stabilizing agenli,had been developed. The need
for this synthetic method originated in the fact that other stabilizers commonly used for
synthesis of II-VI nanoparticles interfere with the modification by metal complexes.
Pt, Pd, Ru, Fe bipyridine complexes (synthesis and structure given in method 5, chapter U),
mercurochrome (Hg aromatic salt) and CuBM as well have been used. to modify CdS
nanoparticles stabilized by thioglycerol, which resulted in either no noticeable coupling of
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the two systems or a complicated coupling which may involve depletion of the surface
thioglycerol molecules, leading to agglomeration and precipitation of CdS nanoparticles.
The observations are attributed to the fact that RS- groups of thioglycerol can coordinate to
the metal complex modifiers and compete with the surface chalcogen sites of nanoparticles.
To simplify the modification study, a convenient model of CdS nanoparticle stabilized by
sodium citrate is chosen to be the focus ofthis research. Though citrate ion could be a mono-,
bi- or even tridentata ligand binding to the nanopartic1e surface depending on the pH as well
as surface conditions, compared with S2- ions, the complex ofCOO- to Cu2+ is much weaker
and therefore is less competitive especially in the presence of malonate, which has very
similar coordination chemistry. At the same time, citrate ion is hydrophilic and makes the
CdS nanopartic1es highly soluble in aqueous solution.
The choice of copper complex for the surface modification was made because of the well-
known copper ion doping ofll-VI semiconductors. It results in appearance of new emission
bands in the 400-600 run region, which can be used for preparation of new light-emitting
devices.
The objectives of this study were the following.
I
1). To develop a new technique ofsurface modification of nanoparticles and new synthetic
pathways to optically and electronically tunablt semiconductor supramolecules.
2). To detennine the structure ofnanopartic1e/metal complex supramolecules.




1. Structure of CuBM modified CdS nanoparticles with
a. Optical absorption. Modification was achieved by mixing aqueous solution of CdS with
that of CuBM at room temperature. CuBM concentration was set at 3.0 roM. The
modification process monitored in situ by UV-vis absorption with Cu2+:CdS particle (a
synthetic ratio ofCd2+:S2-=4:1 was chosen) ratio of60:1 for 16 minute time period is shown
in Fig.18. Two isobestic points were fonned on the spectrum, one from the absorption
change of CuBM, the other from the change of CdS-citrate nanoparticles. As the CuBM
double peak absorption band from 300 to 315 nm decreases, a new band around 277 om
increases, which indicates that the exchange of ligands occurs, i. e. the formation of Cu-S
bound and the replacement of the hydrate. In the 400-480 om region, a gradual broadening
of the onset of CdS adsorption can be seen. An isobestic point forms as the CdS absorption
maxima decreases and the absorption edge increase suggesting the alteration of the particle
core states. Since no significant change in the size is found by TEM (Fig. 23), the red shift
of the CdS band edge is, therefore, attributed to the perturbation of electronic levels of the
core, possibly due to the expansion ofthe delocalization volume available for charge carriers
of the CdS core. This indicates relaxation of size quantization effect in the modified
nanoparticle.
UV absorption change of CdS in the presence of CuCl2 is compared with that of CuBM, a
little increase in the CdS absorption tail can be noticed (Fig.19). Since C~S and CuS are
less soluble than CdS, very small and discreet C~S and CuS particles70 could form on CdS
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nanoparticle surface and influence the core ene:gy through the lone pair on S2-.
Different amounts of CuBM were used to modify the surface of CdS-citrate, with CuBM to
CdS particle ratio equals to 20: 1, 40: 1, 80:1 as shown in Fig. 20. A new band appears around
277 nm in the copper complex absorption range and increases as the concentration ofCuBM
increases. The same increasing effect of CuBM concentration is obvious on the CdS
nanoparticIe absorption tail around 450 nm. By subtracting the absorption of CdS-citrate and
CuBM from that of the modified CdS-citrate particles, a peak at 277 run and a weaker one
around 233 nm are revealed (Fig. 20 insert), indicating the fonnation ofCu-S bond and the
restructuring of the copper coordination sphere. Both bands are attributed to the electronic
transition in CuBM where the molecule ofwater is replaced with sulfur. Therefore, it would
be important to compare the spectral changes in CuBMfCdS system with those in other
ligand exchange reaction ofCuBM.
The spectral signature of the reaction ofN~S with CuBM is shown in Fig. 21. One can see
that the MLCT bands of CuBM shift from 310 run and 250 nm to 277 and 233 nm
respectively. The consistent appearance of the band at 277 nm in CuBMlCdS and
CuBM/N~S systems implies the fonnation of Cu-S bonds in both cases.
I
Dialysis against 18 MO water was carried out for the modified CdS nanoparticles (Fig.22)
(4 ml of modified CdS-citrate solution against 1000 ml 18 MO water) after several hours
when the solution ofCdS-citrate and CuBM was mixed. Membrane with MWCO of 15,000
was used and total dialysis time was set as 12 hours, with the water changed every 6 hours.
The UV absorption shows that after dialysis, a significant amount of CuBM remained
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Fig. 18. In situ IN absorption monitoring of CdS-citnte/CuBM modification





1.2 -1 '. '"
\











250 30n 350 400 450 500
Wavelength nm
Fig. 19. UV-Vis absorption of CdS-citrate nanoparti~lemodified by CuBM, CuCI
2
_ Unmodified CdS~itrate nanoparticle
-- CdS-citrate in the presence of CuBM, CdS-citrate:CuBM = 1:60
.... CdS~itrate in the presence of Cuel2• CdS-citrate:CuC~ = 1:60
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Fig. 20. Modification of CdS-citrate at different CuBM concentration
1. CuBM in aqueous solution; 2. CdS·citrate nanoparticle aqueous solution
3. 4. 5. CdS-citrateiCuBM = 1:20, 1:40, 1:80
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Fig. 21. UV absorption of CuBMlCdS-citrate aod CUBMJN~S
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Fig. 22. UV absorption ofmodified CdS nanoparticle with CuBM before and after dialysis
- Unmodified CdS-citrate nanopartic1es
- CdS-citratemodified by CuBM before dialysis, CdS-citrate/CuBM = 1:20
..... CdS-citrate modified by CuBM after dialysis, 48% ofCuBM remained attached
Approximate calculation. of the decrease in the CuBM ab orption at 312 run (CuBM
absorption edge) shows that around 48% of CuBM still remained adsorbed (original CdS-
citrate/CuBM = 1:20). The results ofdialysis suggest that the modification to chalcogen sites
is to some extend reversible, similarly to the derivation of nanoparticle to the metal sites.
b. TEM. TEM of CdS-citrate and modified CdS nanoparticles together with the size
distributions obtained from TEM are given in Fig.23. CdS sample with an absorption
maxima observed at 415 om was chosen (same size nanoparticles were used for all the
following experiment if not specified).. Comparlog the images of CdS nanoparticles before
(a) & (c) and after (b) & (d) modification in Fig.23, the mean CdS nanoparticle sizes remain
virtually the same being 3.28 om and 3.31 nm, before and after modification respectively.
c. EPR. Experimental results accwnulated for the reactions of copper II compounds with
sulfide containing species70 indicate that the copper ion of CuBM may undergo redox
reaction upon binding to CdS surface. The oxidation state of Cu2+ for CuBM during the
modification was monitored by EPR spectroscopy since Cu2+is a 3d9 paramagnetic ion where
Cu+is 3d10 and is diamagnetic. At high concentration of CuBM-the ratio of CdS/CuBM was
maintained 1:200, a weaker Cu2+EPR signal is observed (Fig.24) after the modification. At
low CuBM concentration, the EPR signal ofCu2+is observed, 'to disappear completely at high
excess of CdS nanoparticles.
The decrease of the integrated signals of Cu2+ in Fig. 24 is calculated to be 63.9%. The
decrease of the Cu2+ signal could be attributed to the reduction of Cu2+ to Cu+ and the
reducibility ofCdS-citrate is estimated to be around 120 CuBM molecules per particle. The
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sites with stronger Lewis base activity (high negative charge) should react with CuBM with
reduction of the central ion faster. In addition, they can also promote electron transfer from
the surface of CdS to Cu2+.
d. NMR . To obtain NMR spectrum and compare the signals ofmodified CdS with those of
unattached free species, an appropriate amount of sodium citrate, malonic acid was directly
dissolved in D20 (99.9 atom % D) respectively. To dissolve bipyridine in D20, the solution
k
was acidified by addition of;HCI until initially opaque bipyridine in D20 became clear. CdS-
citrate was synthesized in D20 (procedure the same as before), with the fmal concentration
•
ofCd2+ estimated to be 1.6 mM and CdS-citrate:Cu2+ ratio to be1:40, no dialysis was applied.
The confinnation of the oxidation state change of copper could be obtained through I H
NMR. 3d9 Cu2+ ions are paramagnetic and organic ligands attached, to Cu2+ show no lH
resonance signal due to the very fast T2 relaxation time. As shown in Fig.25, the three weak
but reproducible signals in the aromatic range could only be attributed to bipyridine ligand.
The obvious broadening of the bipyridine signals suggests short relaxation time. This is
indicative of the fact that the bipyridine remains bound to the copper center and through it
to nanoparticles. The large mass frustrates tumbling which causes broadening. The signals
show a little shift toward the upper field compared with the aCidified free bipyridine, implies
the increased electron density on the aromatic rings which could be pumped into the copper
complex from the CdS conduction band.
In the upper field in Fig. 26, no sharp signal around 2.72 ppm originating from the free
malonic acetate could be found.
50
DIAMETER, nm





Fig. 23 TEM imagines of CdS-citrate nanopartic1es before and after modification
a). CdS-citrate before modification
b). CdS-citrate after modification with CuBM
c). Size distribution of (a)
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Fig. 24 EPR of CuBM before and after modification with CdS-Citrate nanoparticles
CuBM in aqueous solution
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Fig. 25 IB NMR of Bipyridioe and modified CdS-citrate with euBM
1. Bypridine in acidified D20
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Fig. 26 In NMR of malonic acid, sodium citrate, CdS-citrate and modified CdS-citrate
1. Malonice acid, 2. Sodium citrate, 3. Nonmodified CdS-citrate, 4. Modified CdS-citrate
It is concluded that the malonic acetate remains bound to the copper center after
modification. Note that the citrate ion signals become very weak and significantly broadened
in the modified sample (Fig.26, trace 4). This could be explained by the presence of Cu2+
whose magnetic moment causes the citrate ions in the immediate vicinity to become NMR-silent.
e. XPS measurement. Samples of a). CdS-citrate particles, b). CuBM, c). modified CdS
particle with CuBM and d). dialyzed modified CdS particles were prepared for XPS
measurements by leaving a drop of the aqueous samples on the clean surface of silicon
wafers (cleaned by dipping the wafer into to 3% H20 2 in concentrated sulfuric acid solution,
then rinsed thoroughly with DI water and ethanol) for vaporization.
Modification of the surface of CdS in reaction with CuBM can be clearly seen in XPS
spectra. CuBM reveals typical Cu2+peaks at 933.5 and 953.5 eV corresponding to Cu 2p'l2
and eu 2P312 orbitals. They are also accompanied by a broad shake-up band located at 944
eV. After the reaction with CdS nanoparticles, the 2Pl12 and 2P312 signals become broader and
shift to 932.5 and 952.5 eV (Fig. 27, A). These binding energies are typical for Cu+, which
require slightly lower energy for electron ejection because of the smaller charge. The
decrease of intensity for the shake-up band between the two major signals also indicates the
reduction of Cu2+to Cu+ because this band can not be seert for the one- and zero- valent
copper. Notably, the shape ofCu 2Pl12 and Cu 2P312 bands after the modification is complex
revealing the presence of several components. This demonstrates the presence of Cu in
several oxidation states, which corroborates with the EPR fmdings.
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For CdS nanopartic1es one can, observe a broad signal at 162.5 eV corresponding to S 2P3f2
orbitals located in the nanoparticle core. The peak at 168.5 eV is attributed to oxidized S
atoms located on the surface of CdS, while the shoulder at 160.6 eV can be assigned to
negatively charged sulfur species on the nanoparticle surface. After the modification with
CuBM, the XPS spectrum of the sulfur atoms changes significantly: the 162.5 eV peak
becomes significantly narrower and the shoulder at 160.6 eV disappears. Such transfonnation
is consistent with the reaction of the surface sulfur atoms with metal complex, which results
in disappearance of the surface states of sulfur responsible for the shoulder at 160.6 eV.
Based on the above infonnation obtained through various spectroscopy, a model structure
of the CuBM-modified CdS nanoparticles can be represented as Fig. 28. As compared to
scheme 3 on page 40, the result of the modification is not limited to the replacement of H20
ligand. The partial reduction of Cu2+to Cu+ also takes place, which is proven by UV-vis,
EPR and XPS data.
CdS
Fig. 28 Structure of modified CdS-citrate nanoparticle with CuBM
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2. Optical properties of CuBM-modified CdS-citrate nanoparticles
The effect of modification on the optical absorption of CdS nanoparticle is shown in Fig. 18
and 19. The red shift and broadening of the absorption edge of nanoparticles reveal the
perturbation ofenergy levels of the CdS core. More sensitive measurements are carried out
by fluorescence spectroscopy.
a. Photoluminescence. Study ofthe influence of modification with CuBM on the emission
of CdS nanoparticle is given in Fig.29. CdS-citrate nanoparticles of different size were
chosen with distinguishable excitonic peak around 423, 432,445 nm respectively and the
particle diameter of26, 30,35 A. The trapped emission maxima of broad multicomponent
bands for the non-modified CdS particles are located at 618, 628 and 670 nm. For all three
size particles, after modification with CuBM, the trapped emission bands originated from the
surface states become weaker and shift further to the red. This fact suggests the
reconstruction of the particle surface, which is e~pected for the modification reaction
involving the fonnation of covalent bonds to the surface atoms of nanoparticles.
In the band gap region, a strong new band appears with the maxima ~ound 447 run. which
overlaps with the weaker excitonic bands. Although it is located in the vicinity of the
I
excitonic emission, it shows no dependence on the particle size and therefore, corresponds
to a transition other than the first exciton. The incorporation of copper ions into II-VI and
other semiconductors is known to result in the radiative transition between the conduction
band and the copper centers71. Therefore, the new band around 447 run can be attributed to
the transition between the conduction band of CdS and the atomic d-energy level ofcopper
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Fig.29 Modification of different size CdS~itrate nanoparticle with CuBM (Cd~itrate:CuBM=l:60)
_ Unmodified CdS-citrate nanoparticles
- - - Modified CdS-citrate nanoparticle with CuBM
The independence of the 447 om emission ~ak on the particle size originates from a
virtually constant position of the absolute energy of the conduction band for II-VI
nanoparticles as the particle size changes. For fairly large nanoparticles, the band gap varies





Fig. 30. Energy diagram of modified CdS nanoparticle with CuBM
However, the 447 run emission peak could originate from other sources such as: I).Strongly
altered emission due to hybridization emission from the d-d transition in Cu.... 2).
Luminescence from the by-product of the modification reaction. The 447 DID emission peak
was treated, based on the current data, as an intrinsic spectroscopic signature of the CuBM
modification of CdS. Spectroscopic investig~tion of the genesis of 447 nm peak is of
tremendous fundamental importance for understanding the electronic processes in
nanoparticles and will be the subject of the future investigation,
The modification of CdS with different CdS-citrate/CuBM ratio of is shown in Fig.3l
together with the emission of CdS-citrate nanoparticle in the presence of CuC12• An
increasing trend of the 447 run emission band and a quenching of the trapped emission band
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can be noticed as the ratio of CdS/CuBM increases from 1:0 to 1:30 , 1:60 and 1:90. A the
ratio reaches 1:90, the trapped emission bands almost disappear completely, indicates that the
surface states are all quenched by CuBM. For CuCI2, a quenching effect for the trapped
emission and a small increase in the excitonic emission region can be observed, which can
be attributed to partial replacement of surface Cd2+ with cu2+ ions70 • Importantly, there is no
rise around 447 nrn for the CdS-citrate-CuCI2 system, which implies that the heterocyclic
ligand of bipyridine on the CuBM plays a determining role in the modification and is
responsible for the formation ofsurface luminescing energy level between CdS particles and
CuBM.
Dialysis of modified CdS with CuBM (CdS-citrate:CuBM = 1:90) was carried out and the
emission measurements taken. The trapped emission could recover from 3% to 62.7% after
dialysis while a less intense peak remained around 447 nm (Fig.32). The decrease of447 nm
peak is calculated to be 61.7%, suggesting the reversible adsorption and desorption ofCuBM
onto the nanoparticle surface. Some amount of Cu-bipyridine still remained bound to the
surface sulfide ions, which is in consistent with UV absorption data.
b. UV Light induced modification study. During the emission measurement, a remarkable
growth of447 nrn peak could be noticed. The intensity growth was noticed to be much faster
during the emission scan (4 s per nm scan rate) than storing the solution in dark several hours
for the modification to complete, which led us to believe that the modification is light-
induced.
To obtain the information as which wavelength region could most efficiently induce the
modification, a batch ofCdS/CuBM (CdS-citrate:CuBM = I :60) samples were irradiated for
61
80 minutes each separately with a monochromatic light starting from 270 nm to 460 nm, with
a wavelength interval of 5 om, bandpass 2 nm. The emission intensity at 447 om was plotted
versus the irradiating light wavelength (Fig.33). The profile of this plot resembles the sum
oftbe UV absorption for CuBM and CdS, indicating that excitation ofboth CuBM and CdS
results in band [onnation between CdS and CuBM .
The light-induced modification process was also monitored by the fluorescence spectroscopy
as shown in Fig.34. Modified CdS-citrate sample was irradiated with a monochromatic light
of 305 nm (most efficient light region) with a bandpass of 5 om. Monitoring of the
luminescence intensity versus the time of irradiation reveals that the maximum intensity of
447 urn peak can be reached within 160 minutes. Smaller change can be observed for the
trapped emission band. The corresponding UV absorption spectra (Fig. 35) of the
modification kinetics reveals that the relative intensity of the 277 nm absorption shoulder
increases considerably during the irradiation. A significant decrease in the absorption
maxima ofCdS bands as well as CuBM band and an absorption increase in the CdS UV-vis
tail can be seen. Similarly to Fig. 18, an isobestic point fonns in the interval of wavelengths
corresponding to the CdS absorption onset.
The appearance of the 277 nrn band is indicative ofthe formation ofCu-S bonds during the
irradiation (see Fig. 20, 21). It is conceivable that photoexcitation of both the nanoparticle
and CuBM stimulates binding of the complex to nanoparticle surface.
Dialysis for 12 hours against 18 MO water was carried out for the modified CdS-citrate
nanoparticles after the irradiation for 160 minutes. UV absorption for the dialyzed sample
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Fig. 31 Emission of modified CdS-citate nanoparticJe at different CuBM concentration and with CuC~
Excited at 340 nm, filter cut offat 395 nm
_ Unmodified CdS-citrate nanoparticle
- Modified CdS-citrate at CdS-citrate:CuBM equals to 1:30, 1:60, 1:90
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Fig. 32. Emission of modified CdS-eitrate nanopartic.les before and after dialysis
Excited at 340 nm, filter cut off'at 385 DID
1. Non modified CdS-citrate nanoparticIes
2. Modified CdS-citrate nanoparticIe before dialysis
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Fig. 33 Light induced modification at different irradiation wavelength monitored as 447 nm peak intensity
...... IN obsorption ofmodified CdS-citrate nanoparticle with CuBM
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Fig. 34 Modification of CdS-citrate nanoparticles with CuBM by irradiation
Excited at 370 nm, filter cut off at 385 nm
......Unmodified CdS-eitrate nanoparticles
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Fig. 35. Irradiation of modified Cd8-citrate oa.oopartieles with CuBM .
- Non-modified CdS-eitrate nanoparticle
- - - Irradiationofmodified CdS sample monitored every 20 minutes
...... Irradiated CdS·dtrate/CuBM after dialysis against water
Two weak shoulders could be observed in the CuBM absorption region, indicating that some
amount of CuBM remain attached to CdS particle surface after the dialysis. The emission
spectrum for the dialyzed sample is shown in Fig. 36. The decrease of the 447 DID peak after
dialysis is calculated to be 66.1%. No recovery ofthe trapped emission band is observed after
dialysis.
The quantwn yield of samples of CdS nanoparticle stabilized by sodium citrate (sample 1),
CdS-citrate modified by CuBM without UV light irradiation (sample 2), modified CdS by
irradiation (sample 3) were calculated by comparing the individually integrated emission
peaks with the integrated peak area around 560 run of a freshly prepared rhodamine B
ethanol solution, using the excitation wavelength at which both rhodamine B and CdS
showed the same optical density (345 nm was used for this study with a filter of 395 nm
wavelength cut off placed before emission monochromator). For sample 3, the irradiation
lasted for 160 minutes for the 447 run peak to reach maxima. All CdS emission peaks were
Gaussian fitted with 4 parameters using SigmaPlot and integrated by GRAMS/386. Baseline
integration was used. The quantum yield changes are given in Table 3.
Table 3. Quantum Yield ofExcitonic, Trapped Emission and 447 om Peak
Sample 1 Sample 2 Sample 3
Qyl of414 run 0.251% 0.104% --
Qy2 of447 nm -- -- 4.790%
Qy3 of650 nm 7.473% 2.411% 6.021%
1. Quantum yield of the excitonic peak at 414 nm.
2. Quantum yield of447 run peak
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Fig. 36 Emission of the irradiated CdSoi:itratelCuBM supramolecuJe before and after dialysis
1. Non-modified CdS-citrate nanoparticles
2. Irradiated CdS.;citrateiCuBM supennolecule for 160 minutes before dialysis
3. dialyzed sample of trace 2. (Intensity decreased by 66.1%)
c. Time-resolved photoluminescence. Samples for TRPL measurements were prepared the
same as for the light induced modification studies. Measurements were taken for the samples
of nonmodified CdS-citrate nanoparticles (Cd2+:S2- = 4:1), modified CdS-citrate particles
with CuBM, with the estimated CdS-citrate:CuBM ratio equals 1:20 (CdSCu1), 1:40
(CdSCu2), 1:60 (CdSCu3), 1:80 (CdSCu4) after irradiation with a monochromatic light of
305 run with various time periods for the 447 nm peak to reach maxima.
The life-time for the excitonic peak of nonmodified CdS-citrate particle was measured to be
18.7 ns, while the life-time for the trapped emission band is 65-78 ns. The other data are
listed in table 4.
Table 4. Life Time of Exciton, 447 run Peak and Surface Recombination
SamplesILife time (ns) Life time (ns) alpeak maxima wavelength of:
414nm 447nm 580/620 run 651/660 nm




CdSCu2 (CdS/Cu=I/40) - 5.4 104 128
CdSCu3 (CdS/Cu=1I60) - 4.8 96 102.
CdSCu4 (CdS/Cu=I/80) - 4.6 110 115
The life-time of 447 nm peak remains practically unchanged within the experimental error
of the technique. After the modification, the life-time of the surface recombination increases
significantly from 64-78 ns to 110-130 ns. Hardly noticed, dependence of the life-time in
CuBM-modified CdS suggests quite fast transition from CB ofCdS to the d-level of copper
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(see Fig. 3), which makes the efficiency of population of the intra band gap level quite
insensitive to the total nwnber of CuBM units attached. This correlates well with the life-
times obtained for the 447 run band (Table 4). If one compares the lwninescence kinetics of
the 580/620 and 6511660 bands in modified and non-modified CdS, the life-times in
CdS/CuBM are substantially longer. While stating this fundamentally important fact, we
need to note that nwnerous relaxation processes should be considered to understand its
origin. One of the possibilities is the life-time elongation due to the delocalization of surface
electrons or holes in the aromatic rings of the modifier. Development of the spectroscopic
techniques to establish the nature of the electronic transitions in CuBM-modified CdS can
be one of the extensions of this study.
C. CONCLUSIONS.
Citrate-ion-stabilized, size controlled CdS, CdSe nanoparticles were synthesized. The
prepared nanoparticles were characterized by TEM, optical absorption, photoluminescence
andXRD.
Citrate-ion-stabilized CdS nanoparticles were used in chalcogenide site modification by
CuBM. The structure of modified nanoparticles was proposed based on the information
I
obtained through UV-vis absorption, TEM, EPR, NMR and XPS spectroscopy. It was
established that the modification results in replacement of aqua ligand in CuBM, formation
of Cu-S bond with surface S-atoms of CdS and partial reduction ofCu(I!) to Cu(I).
The optical properties ofmodified CdS particles were studied. The spectroscopic signature
of the surface modification was found to be the strong luminescence peak at 447 run, which
71
does not depend on the CdS particle size.
Surface modification of CdS can be facilitated by light illumination. The excited states of
both CdS and CuBM are involved in the photoinduced reaction.
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